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Abstract
The object of the present work is the improvement of the efficiency of sym-
metrical plane diffusers by means of localized separations along their diverg-
ing walls. The laminar flow regime is considered. The Reynolds number,
based on the diffuser half-width at the inlet section and the inlet velocity on
the axis, is Re = 500. Three different diffuser configurations are considered,
which are characterized by the same area ratio (AR = 2), and by different
expansion angles, viz. α = 2◦, α = 3.5◦ and α = 5◦. The variation of
the expansion angle produces different flow patterns. In particular, in the
diffuser with α = 2◦ the flow is attached along the diffuser diverging walls,
while the diffusers with α = 3.5◦ and α = 5◦ are characterized by asymmetric
zones of separated flow of different extension, which anyway both reattach
before the end of the diffuser. The localized separations are obtained, first,
by introducing one or more subsequent couples of contoured cavities in the
diverging walls. Cavity-shape optimizations are carried out to identify the
cavity geometries that maximize the pressure recovery in the diffuser and
minimize, whether present, the main boundary layer separation extent. The
introduction of the optimal cavities leads to increase in pressure recovery for
all the considered diffuser geometry, even in the configuration that, without
the introduction of the flow control, does not present flow separation. This
result is due to a favourable modification of the velocity and vorticity fields in
the near-wall region. In particular, the success of the control is due both to a
virtual geometry modification of the diffuser and to a favourable effect of the
cavities in reducing the momentum losses near the wall. The capabilities of
classical shape optimization are also investigated. The shape of the diverging
walls is optimized by using Bézier curves with different degrees of freedom
to maximize the pressure recovery, as previously for the cavities. If the opti-
mization is carried out with an adequate number of degrees of freedom, the
optimal configuration is characterized by one or more localized recirculation
regions along the diffuser optimized diverging walls, i.e. by a flow configu-
ration very similar to that in the diffuser with the optimized cavities. The
efficiency gains obtained by shape optimization are similar to those given by
the cavities.
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Chapter 1
Introduction
In many technological applications a crucial issue is the development of
methodologies for the control of external and internal flows, in order to
achieve desired design objectives (see e.g. [18, 9, 2, 13, 8]). The design and
the performance of plane diffusers have been rather extensively investigated
in the literature. Straight walls are commonly used in the diffuser diver-
gent part due to their simple geometry. Many studies have been carried out
to highlight the parameters that affect the performance of two-dimensional
straight-wall diffusers, viz. the length, the area ratio and the divergence an-
gle (see e.g. [11, 35, 34, 33, 29, 38, 23] for laminar flow regime and [16, 37, 12,
26] for the turbulent regime). Furthermore, studies on possible modifications
the diffuser wall shape to improve the diffuser performance have been carried
out both in laminar and in turbulent flow regimes. The effect of contouring
the wall shape of a two-dimensional diffuser was analyzed in [6] by comparing
the performance of bell-shaped and trumped-shaped diffusers to the one of a
straight-wall diffuser. More recently, systematic shape design methods using
mathematical theories have been developed, based on the gradient algorithms
(see e.g. [5, 17]), the genetic algorithms (see e.g. [39]), or the response surface
techniques (see e.g. [20]). The optimum conditions obtained by [32, 39, 17]
in turbulent regime corresponded to a skin friction equal to zero along the
diffuser walls. This coincides with the physical intuition in [31, 30], which in-
fer that the design of the diffuser walls that maximizes the pressure recovery
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4in the divergent part is the one that has zero skin friction along the diverging
walls themselves. Indeed, it is proposed that the optimum diffuser designs
have continuous incipient detachment along their wall boundary layers.
In the present work, a further critical analysis is carried out of the per-
formance of a passive method for the control of flow separation in diffusers,
previously successfully tested in [21]. The proposed strategy is based on the
introduction of contoured cavities in the solid walls of the diffuser and it was
originally inspired by the combination of the ideas of trapped vortices and of
multi-step afterbodies (see e.g. [27, 15, 7, 10, 36] and the references in [21]).
(a) Trapped vortex (b) Multi-step afterbody
In [21], a couple of symmetric tangential-contour cavities was introduced
in the diverging walls of a diffuser with an area ratio of 2 and a divergence an-
gle of 7 degrees. The laminar flow regime was investigated, and the Reynolds
number was Re = 500, based on the inlet velocity on the centreline and
half-width of the inlet section. An optimization procedure was developed
to obtain the cavity geometry that maximizes the pressure recovery. The
use of optimized-shape cavities lead to an increase of the pressure recovery
of the order of 13%, and this result is due to a favourable modification of
the velocity and vorticity fields in the near-wall region. In particular, the
enhanced performance seems to be due both to a virtual geometry modifi-
cation, and to a reduction of the loss of momentum in the near-wall region
and, thus, of the total dissipation inside the diffuser. The optimal geometry
of the cavities proposed in [21] is definitely smaller than the thickness of the
boundary layer at the start of the diverging part of the diffuser. Thus, to-
gether with the fact that a law-velocity recirculation zone was found instead
of a vortex, suggests that the present control device is more closely related to
5the multi-step afterbody concept than to the use of large trapped vortices.
The present work continues the investigation, started in [19] and [21], on
the capabilities of the use of single and multiple contoured cavities as flow
control device in diffusers.
In first part of the present work, further investigations are carried out
on the performance of this control method by considering: (i) the effect of
the same control device proposed in [21] for diffusers with different diverging
angles; (ii) whether further improvement of the device performance can be
obtained through modifications of the cavity shape; (iii) the effect of the use
of multiple couples of contoured cavities as flow control device. To these
aims, three different diffuser configurations are considered, which are charac-
terized by the same area ratio (AR = 2), and by different expansion angles,
viz. α = 2◦, α = 3.5◦ (the same a in [21]) and α = 5◦ (the same a in [19]).
The variation of the expansion angle produces different flow patterns. In
particular, in the diffuser with α = 2◦ the flow is attached along the diffuser
diverging walls, while the diffusers with α = 3.5◦ and α = 5◦ are charac-
terized by asymmetric zones of separated flow of different extension, which
anyway both reattach before the end of the diffuser. Cavity-shape optimiza-
tions are carried out in the diffusers with α = 2◦ and α = 5◦ to identify
the cavity geometries that maximize the pressure recovery in the diffuser
and minimize, whether present, the main boundary layer separation extent.
Then, a modification of the cavity geometry compared to the one in [21] is
proposed. In particular, it is investigated whether larger improvements in
the mean pressure recovery could be obtained by giving the possibility to
the cavity to end with a bulge inside or outside the original diffuser profile.
Moreover, the effect of two or more subsequent bulging-contour cavities is
also investigated in the three considered diffusers. The effectiveness of all
the proposed control strategies is investigated by means of numerical sim-
ulations carried out using a commercial code, previously validated in [21]
through a comparison with an in-house developed code and an open-source
code.
In the second part of the work, the capabilities of classical shape opti-
mization are investigated. The shape of the diverging walls is optimized by
6using Bézier curves with different degrees of freedom to maximize the pres-
sure recovery, as previously for the cavities. The optimization are carried
out with an adequate number of degrees of freedom, to allow the formation
of one or more localized recirculation regions along the diffuser optimized
diverging walls. The final goal it is to asses whether localized separations are
present in the optimized shape of the diffuser or is better to have an incipient
separation flow inside the diffuser as found in [31, 30, 32, 39, 17].
The present manuscript is organized as follows. In the second chapter, the
geometries of the two additional reference diffusers are defined, together with
the description of the computational grid and of the numerical methodology
used in the simulations. In the third chapter the optimization procedure
of the shape of the cavity is described together with the parameters to be
optimized and the results are discussed. In the fourth chapter the results
of the classical shape optimization of the diffuser, obtained by using Bézier
curves with different degrees of freedom, are described.
Chapter 2
Reference diffuser
configuration
2.1 Geometry definition
The considered diffuser shape is the same as in [21], i.e. it is made of a
first part having constant width, a second one in which the width grows
linearly and a final one having again constant width. These three parts are
connected with sharp edges. Three different values of half of the divergence
angle are considered in the present work, viz. α = 2◦, α = 3.5◦ (the same
value considered in [21]) and α = 5◦, while the diffuser area ratio, i.e. the
ratio between the diffuser outlet and inlet cross-areas, is kept constant to
AR = 2. The diffuser is characterized by the following quantities (see Fig.
2.1, which has α = 5◦): the inlet half-width, h (used here as reference length),
the outlet half-width k = 2h, the length from the inlet to the beginning of
the diverging part, l1 = 3h, the length of the diffuser diverging part, l2
(l2 = 28.60h, l2 = 16.35h and l2 = 11.43h for α = 2◦, α = 3.5◦ and α = 5◦,
respectively), the length from the end of the diffuser diverging part to the end
of the diffuser, l3 = 30.65h (the value l3 was chosen in [21] in order to have
an asymmetric zones of separated flow of different extension that reattaches
before the end of the diffuser). Moreover, the related total diffuser length
7
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l = (l1 + l2 + l3) are l = 62.25h, l = 50h and l = 45.08h. The adopted frame
Figure 2.1: Diffuser geometry (α = 5◦) and reference frame
of reference is shown in Fig.2.1. Note that in all the figures dimensionless
coordinates are used within this work, i.e. X = x/h and Y = y/h (capital
letters denote dimensionless parameters and lowercase letters dimensional
quantities).
2.2 Simulation set-up and numerical method-
ology
As done in [21], the simulations are carried out at Re = h ·u/ν = 500, where
u is the x-velocity on the diffuser axis at the inlet section and ν the kine-
matic viscosity. The inlet velocity field upstream of the diffuser is specified
by using a Blasius boundary layer profile on the two walls with thickness
δ0 = 0.10h. The commercial code Fluent is used for the simulations of the
fluid flow inside the three reference diffuser configurations. In particular,
simulations for the diffuser with α = 2◦ and α = 5◦ have been carried out in
this work, while for the diffuser with α = 3.5◦ we referred to the results in
[21]. The numerical methodologies used to solve the laminar Navier-Stokes
equations are briefly summarized below. Fluent (see e.g. [1]) is based on
the finite-volume discretization method, and two-dimensional incompressible
simulations have been carried out for the plane diffuser geometry. Unsteady
time advancing is chosen together with a second-order implicit scheme. The
adopted dimensionless time step is ∆T = ∆t/(l/u) = 7×10−4, and represents
the ratio between the dimensional simulation advancing step ∆t and the time
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necessary to a flow moving at velocity u to pass through the diffuser length
l. A second-order upwind scheme is used for the space discretization. The
segregated PISO algorithm (Pressure-Implicit with Splitting of Operators) is
chosen to couple the pressure and momentum equations (see e.g. [14]). The
computational grid is unstructured and is made of triangular elements. In
all the considered diffuser configurations, after a numerical transient the flow
inside the diffuser becomes steady. Adequate sensitivity analyses have been
carried out to reach the independence of the results from the grid resolution.
Sensitivity analysis to grid resolution was carried out in [21] for α = 3.5◦.
The non-dimensional width of the the first cells near the wall and the max-
imum side of the cells was kept the same as in [21] also for the simulations
carried out in the present work, i.e. 1.25 × 10−2 and 4 × 10−2, respectively.
The grid sensitivity to the cell growth rate in transverse direction was fur-
ther checked for α = 2 and α = 5 by varying the growth rate in the range
1.05− 1.2. The growth rate range is discretized by using a uniform interval
of size equal to 0.05.
Figure 2.2: Cell growth rate in transverse direction
Grid independence was checked on the mean pressure recovery coefficient,
defined in Eq. (2.1) in Sec. 2.3. All the testes grid showed a difference of
less than 0.1%. Thus, the coarsest one was chosen, as in [21] (see Fig. 2.2).
The grid chosen for the diffuser with α = 2◦ has 2.91× 105 nodes, while for
α = 5◦ has 2.10× 105 nodes.
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2.3 Main flow features and validation
Different flow patterns are found in the two new considered diffuser configu-
rations. In particular, the visualization of the flow streamlines in the diffuser
with α = 2◦ (see Fig. 2.3(a)) shows that the flow is attached along all the
diffuser diverging walls, while the diffuser with α = 5◦ (see Fig. 2.3(c)) is
characterized by a large asymmetric zone of separated flow, which reattaches
before the end of the diffuser. This flow pattern is similar to the one found
for the diffuser with α = 3.5◦ (see [21] and Fig. 2.3(b)). Moreover, this flow
configuration is bistable, i.e. the separation zone can develop on either side
of the diffusers.
(a) α = 2◦
(b) α = 3.5◦ [21]
(c) α = 5◦
Figure 2.3: Streamlines inside the reference diffuser configurations
The diffuser performance is evaluated through the mean pressure recovery
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coefficient Cp, which is defined as:
Cp =
pout − pin
1
2
ρuin
2
, (2.1)
where pin and uin are the area-weighted average pressure and x-velocity at
the diffuser reference inlet section X = 1, pout is the area-weighted averaged
pressure at the diffuser outlet. The reference section at X = 1 was chosen as
in [21].
The simulations are also compared by evaluating the mean pressure co-
efficient Cpx at different sections along the length of the diffuser, which is
defined as:
Cpx =
px − pin
1
2
ρuin
2
(2.2)
where px is the area-weighted averaged pressure at the considered X section
of the diffuser.
The behaviour of Cpx along the X coordinate of the reference diffusers
with α = 2◦ and with α = 5◦ is shown in Fig. 2.4(a), together with the
results previously obtained in [21] for the diffuser with diverging angle equal
to 3.5◦. Moreover, the extension of the separated region in the diffuser with
α = 5◦ is compared with the one obtained for α = 3.5◦ in Fig. 2.4(b). It
can be seen in Fig. 2.4(a) that in all the considered diffusers there is an
initial pressure decrease due to the growth of the boundary layer thickness,
which, inside the constant-section initial part of the diffusers, i.e. for X ≤ 3,
increases from the initial value δ0 = 0.1h to δ3 = 0.31h. In the diverging
part of the diffusers the pressure increases in both the considered diffusers,
but the effect of separation in the diffuser with α = 5◦ is to slow down the
rate of increase of Cpx (compare Fig. 2.4(a) and Fig. 2.4(b)). The diffuser
pressure recovery coefficients are Cp = 0.355 and Cp = 0.373 for the diffusers
with α = 2◦ and α = 5◦, respectively; while Cp = 0.393 was found in [21] for
the diffuser with α = 3.5◦. The larger separated region in the diffuser with
the higher value of the divergence angle (see Fig. 2.4(b)) is consistent with
the results for Cp. In the previously mentioned unsteady simulations, after
a numerical transient the flow inside the diffuser becomes steady for all the
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considered geometries. Thus, a steady-state simulation was carried out for
both α = 2◦ and α = 5◦ by using Fluent, with the same schemes used for the
unsteady Fluent simulation. The steady and the unsteady Fluent simulations
gave the same results, in terms of pressure recovery and separation extent.
Therefore, the following simulations for the configurations with cavities and
for wall shape optimization were based on the discretization of the steady
two-dimensional Navier-Stokes equations within Fluent. Indeed, this type of
simulations requires significantly lower computational costs while providing
the same final solution.
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Figure 2.4: Mean pressure coefficient and separated region extent for the
reference diffuser, effect of the divergence angle
Chapter 3
Diffuser with optimized
cavities
As a first step, it is investigated weather the flow control device already
proposed and successfully tested in [21] for a diffuser with α = 3.5◦ is effective
also in diffusers with lower or higher values of the divergence angles, i.e. with
α = 2◦ and α = 5◦, respectively. To this aim, a couple of symmetric contour
cavities is introduced in the diverging walls of the new diffuser configurations
and a cavity shape optimization procedure is developed in order to maximize
the pressure recovery in both cases (see Sec. 3.2). These optimizations, as
all the following ones in this Chapter, have been carried out in the same
operating conditions described in Sec. 2.2. Subsequently, a modification of
the cavity geometry compared to the one in [21] is proposed. In particular,
it is investigated whether larger improvements in the mean pressure recovery
could be obtained by giving the possibility to the cavity to end with a bulge
inside or outside the original diffuser profile. Moreover, the effect of two
or more subsequent bulging-contour cavities is investigated. For these new
proposed geometries, i.e. for single and multiple bulging-contour cavities,
optimizations are carried out in order to maximize the pressure recovery, as
for the tangential-contour cavities in the diffusers with α = 2◦, α = 3.5◦ and
α = 5◦ and all the results are presented in Sec. 3.3. Finally, a discussion
on the mechanism leading to the enhanced performance and a comparison
13
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between the optimized geometries in the three reference configurations is
reported in Sec. 3.4.
3.1 Optimization procedure
The optimizations were carried out through an automatic procedure shown
in the chart in Fig. 3.1.
Figure 3.1: Scheme of the automatic optimization procedure
In each optimization loop, the diffuser geometry is defined, the compu-
tational grid is generated and the cost function is evaluated through the
numerical simulation of the flow inside the diffuser. The numerical results
are managed by the optimization algorithm, which determines the modified
configurations, finally leading to the optimized geometry. The optimization
algorithm is the Multi-Objective Genetic Algorithm MOGA-II [24, 22], used
herein with a single-objective function (see e.g. [25] for the use of MOGA-II
in single-objective optimization). This algorithm has been chosen for its ro-
bustness, because the complexity of the optimization problem was not known
beforehand. In all cases, the parameter space is discretized in intervals of uni-
form size; an initial population is generated through a pseudo-random Sobol
sequence [22], by using a subset of the specified discrete parameter values.
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The population evolves through the following reproduction operators: direc-
tional crossover, mutation and selection [22]. The probability of directional
crossover, of mutation and of selection are set to 0.5, 0.1 and 0.05. The ini-
tial population was composed of 50 individuals, distributed in the discretized
parameter space by means of the previously cited Sobol sequence. Then, 3
additional generations were created by the optimization algorithm, each one
composed of 50 individuals. Different indexes of the diffuser efficiency could
be chosen as the objective function in the optimization procedure, namely the
maximization of the section-averaged pressure recovery coefficient Cp or the
minimization of the total dissipation inside the diffuser. The parameter Cp,
which is equivalent to the efficiency parameter η, was chosen as the objective
function, because its evaluation has a smaller computational cost compared
to that of the total dissipation and represents a good index of the diffuser
performance. Nonetheless, after the optimization, the dissipation were also
evaluated in order to have a further confirmation of the results. While Cp has
been already defined in equations (2.1), the role of the dissipation function
becomes clear by referring to the following form of the integral equation of
the kinetic energy balance:
∫
V
∂ρ
(
V 2
2
)
∂t
dV +
∫
S
ρ
(
V 2
2
)
V · ndS =
−
∫
S
pV · ndS +
∫
S
τn ·VdS −
∫
V
ΦdV (3.1)
where the three integrals on the right-hand side represent, respectively, the
work done on the fluid, in unit time, by the pressure and viscous forces acting
on the volume boundary S and the total dissipation within the volume V of
fluid bounded by surface S. Since the diffuser flow is steady (see Sec. 2.3)
and the work done on the fluid by the viscous forces acting on the boundary
is negligible compared to that of the pressure forces (V = 0 along the diffuser
walls while the integral representing the total work of the viscous forces is
very small at the inlet and outlet compared to the one connected with the
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pressure forces), the kinetic energy balance becomes:∫
S
ρ
(
V 2
2
+
p
ρ
)
V · ndS = −
∫
V
ΦdV (3.2)
Equation (3.2) highlights that the dissipation is immediately connected with
the balance of the kinetic and pressure energy in the flow, i.e. not all the ki-
netic energy variation is converted into pressure energy because of the viscous
losses. Thus, the minimum of the total dissipation is expected to be found
in the diffuser configuration with an optimized efficiency. For an incompress-
ible flow, the total dissipation Φt in a volume V may be easily obtained as a
function of the enstrophy ω2 (the square of vorticity) present in the volume
and the acceleration a at its boundary, through the Bobyleff-Forsyth formula
(see e.g. [28], [4] and [3]):
Φt =
∫
V
Φ dV = µ
∫
V
ω2 dV + 2µ
∫
S
a · n dS (3.3)
3.2 Optimization of tangential-contour cavities
with different diffuser divergence angle
The same flow-control method proposed in [21] is applied herein for the dif-
fuser with α = 2◦ and α = 5◦. A couple of symmetric tangential-contour
cavities is introduced in the diffuser diverging walls. The cavity shape is
the same as in [21], i.e. the cavities start with a sharp edge, have an up-
stream part with a semi-elliptical shape, and end with a spline tangent to
the diffuser diverging walls (see Fig. 3.2). As previously mentioned, cavity
shape optimization procedure is developed in order to maximize the pressure
recovery in the diffuser. The cavity parameters are: the distance from the
beginning of the diffuser diverging part to the upstream edge of the cavity,
s/h, the cavity total length, t/h, the ellipse axis parallel to the diffuser di-
verging wall, a/h, and the ellipse axis normal to the diffuser diverging wall,
b/h.
The range of variation of the optimization parameters are chosen as in
3.2 Optimization of tangential-contour cavities
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Figure 3.2: Parameters that characterize the cavity [21]
[21]. In particular, the starting and the ending point of the cavity, s/h and
t/h, are allowed to vary along all the diffuser diverging walls. The ranges
of s/h are from 0.0 to 27.60 for the diffuser with α = 2◦, and from 0.0h to
10.43 for the diffuser with α = 5◦, while the ranges of t/h are from 1.0 to
28.60 for the diffuser with α = 2◦, and from 1.0h to 11.43 for the diffuser
with α = 5◦. For both the considered diffusers, the range of variation of
the semi-ellipse axes a/h and b/h are from one-fifth to four-times the inlet
boundary layer thickness, i.e. from 0.02 to 0.4 (as in [21]). The parameter
space was discretized by using uniform intervals having a width of 0.01, 0.01,
0.1 and 0.2 for a/h, b/h, s/h and t/h respectively (as in [21]). The initial
population was composed of 50 individuals, distributed in the discretized
parameter space by means of the previously cited Sobol sequence. Then, 4
additional generations were created by the optimization algorithm, each one
composed of 50 individuals. The maximum value of the objective function
reached in the third and fourth generation varies by 0.1%. As for the diffuser
with α = 2◦, the introduction of a couple of tangential-contour cavities in
the diverging walls allows an increase in Cp of +19.7% (Cp = 0.425). From
the visualization of the streamlines it is evident that the introduction of the
cavities produces a localized separation (in which the velocity was found to
be very low) along the diverging walls (see Fig. 3.3). Downstream of this
recirculation region the flow no further separates, as in the reference case.
All the optimized cavities start at the beginning of the divergent walls and
are tangent at the end of the divergent part of the diffuser (s/h = 0 and
t/h = 24 − 28). The optimum value of the semi-ellipse axis normal to the
diffuser diverging wall is b/h = 0.20 − 0.22. This value is higher compared
to the results in [21] for the diffuser with α = 3.5◦, but also for this diffuser
configuration the optimum value of b/h is smaller than the thickness of the
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boundary layer at the start of the diverging part of the diffuser. On the other
hand, the range of the parameter a/h within which the optimum value of the
objective function is reached is vary large and, thus, a/h does not represent
a critic parameter for the flow control device.
As for the diffuser with α = 5◦, the use of optimized cavities leads to
an improvement of Cp of +8.0% (Cp = 0.403). From the visualization of
the streamlines, sketched in Fig. 3.4, it is evident that the flow separates at
the cavity upstream edge and reattaches immediately downstream, forming
a closed recirculation region (in which the velocity was found to be very low);
furthermore, there is a subsequent asymmetric flow separation, whose extent
is slightly reduced compared with the reference case. The optimized cavities
are smaller and shorter (b/h = 0.08− 0.09 and t/h = 4.0− 6.0) compared to
are the ones in the previously configuration: a further increase in the cavity
width or length does not allow the reattachment of the flow after the cavity
and thus one side of the diffuser becomes completely separated, with a strong
decrease of the diffuser performance. Also in this optimization, as already
found in [21], the optimum value of b/h is definitely smaller than the thickness
of the boundary layer at the start of the diverging part of the diffuser, i.e.
b/δ3 = 0.25 − 0.28, and it is about equal to the displacement thickness
(δ∗3/h = 0.104). As for the other optimum parameters, the cavities start
at the beginning of the diffuser divergent part (s/h = 0) and the parameters
a/h is not important for the flow control device performance.
As already done in [21], after the optimization the total dissipation inside
the diffuser is also evaluated through the Bobyleff-Forsyth formula (see eq.
3.3) in order to have a further confirmation of the results. The total dissi-
pation Φt inside the diffuser also confirms the improvement of the diffuser
performance. Reductions of the dissipation of −15.6% and of −5.4% are
indeed found for the diffusers with α = 2◦ and α = 5◦, respectively.
The mechanism leading to the enhanced diffuser performance in the same
as in [21]. The improvement of Cp seems to be due both to a virtual shaping,
which implies a change in the main flow geometry, and to a further reduction
of the dissipation in the cavity region. In order to evaluate the effect only of
the virtual shaping, the streamline bounding the recirculation region inside
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(a) (b)
Figure 3.3: Streamlines in the diffuser with tangential-contour cavities (α =
2◦)
(a) (b)
Figure 3.4: Streamlines in the diffuser with tangential-contour cavities (α =
5◦)
the cavity is replaced by a solid surface. This produces a diffuser with a
modified geometry that may be considered as an additional output of the
procedure leading to the optimized cavities. The modified diffusers without
cavities produce increases in Cp of 14.9% and of +3.5% for the diffusers with
α = 2◦ and α = 5◦, respectively. The results obtained for the modified
diffusers are compared in more detail with those of the reference configura-
tions and of the diffusers with optimized cavities in Fig. 3.5 for α = 2◦ and
Fig. 3.6(a) for α = 5◦, where the variations of Cpx along the three diffusers
are shown. In Fig. 3.6(b) the corresponding extents of the separations are
shown.
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Figure 3.5: Mean pressure coefficient at different X sections (diffuser with
α = 2◦)
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Figure 3.6: Mean pressure coefficient and separated region extent (diffuser
with α = 5◦)
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3.3.1 New geometry definition and optimization param-
eters
In this Section, a new cavity geometry is proposed and optimized in the three
considered reference diffusers, viz. the diffuser with α = 2◦, with α = 3.5◦
and with α = 5◦. The cavities start with a sharp edge, have an upstream
part with a semi-elliptical shape, and end with a spline up to a point that
can be inside the original diffuser diverging wall or outside it, at a distance
r, considered positive in the first case (as in Fig. 3.7) or negative in the
latter. The final point of the cavity is then connected to the end of the
diffuser diverging part through a straight line. The spline and the straight
line are tangent. Compared to the optimizations carried out in [21] and in
Sec. 3.2, this cavity shape can end with a bulge inside the original diffuser
profile, which is expected to promote the flow reattachment after the cavity,
and thus to further improve the flow control device performance.
On the basis of the optimization already carried out in [21] and in Sec.
3.2 some of the cavity parameters can be neglected during the optimization
procedure, using a fixed constant value for them. In particular, it was found
that the optimum cavity starts at the beginning of the diverging part of
the diffuser, i.e. s/h = 0. Moreover, the length of the ellipse axis parallel
to the diffuser diverging wall, a/h, was found to have no significant effect
and thus a/h can be imposed to be two times the ellipse axis normal to the
diffuser diverging wall, b/h. In the present work, it is assumed that these
considerations are effective even if a slightly different geometry is considered.
Thus, the optimization variables are the cavity total length, t/h, and the
ellipse axis normal to the diffuser diverging wall, b/h, and the bulge length
normal to the diverging wall, r/h (see Fig. 3.7).
The same optimization procedure described in Sec. 3.1 has been used
herein to determine the shape of the cavities that allow the pressure recovery
to be maximized. The maximum value of the objective function was reached
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in the third and fourth generation and varies by 0.1%. The ending point of
the cavity is allowed to vary along all the diffuser diverging walls, i.e. the
ranges of t/h are from 1.0 to 28.60 for the diffuser with α = 2◦, from 1.0 to
16.35 for the diffuser with α = 3.5◦, and from 1.0 to 11.43 for the diffuser
with α = 5◦. On the basis of the optimizations in [21] and in Sec. 3.2, the
considered range for b/h is chosen from 0.04 to 0.40 for α = 2◦ and from
0.04 to 0.24 for α = 3.5◦ and for α = 5◦. The value of the bulge length r/h
is chosen from −0.40 to 0.40. The parameter space is discretized by using
uniform intervals having a width of 0.01, 0.2 and 0.01 for b/h, t/h and r/h
respectively.
Figure 3.7: Parameters to be optimized
Moreover, two and more subsequent couples of bulging-contour cavities
are considered in order to investigate whether further improvements of the
pressure recovery could be obtained. All cavities have the previously de-
scribed geometry and the starting point of the following cavity coincides
with the ending point of the spline of the upstream cavity. The ending point
of the last cavity is then connected to the end of the diffuser diverging part
through a straight line. The spline and the straight line are tangent. The
three previously described optimization parameters are used to define the ge-
ometry of each subsequent cavity. The geometries and the parameters to be
optimized are shown in Fig. 3.8. The range of variation of the parameters of
each subsequent cavity are the same as for the single bulging-contour cavity.
As for the sum of the total lengths of the cavities, a geometric constraint is
imposed to avoid that the length of the diffuser divergent part l2 is exceeded.
Moreover, in order to reduce the total number of combinations of the param-
eters for the multiple cavities, the ranges of variation of the bulge length are
slightly reduced basing on the results of the previous optimizations. These
ranges are summarized in table 3.1.
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All the optimizations in this Section have been carried out in the same
operating conditions described in Sec. 2.2. Unsteady simulations of the flow
in all the configurations with optimized cavities confirmed that the flow is
steady even after the introduction of the contoured cavities. The results for
the single and multiple bulging-contour cavities are presented in Secs. 3.3.2,
3.3.3 and 3.3.4 and discussed in 3.4.
(a) Parameters to be optimized (2 cavities)
(b) Parameters to be optimized (3 cavities)
(c) Parameters to be optimized (4 cavities)
Figure 3.8: Parameters to be optimized
α Case r1/h r2/h r3/h r4/h
α = 2◦ One couple of bulging-contour cavities -0.4− 0.4 − − −Two couple of bulging-contour cavities -0.4− 0.3 -0.4− 0.3 − −
α = 3.5◦
One couple of bulging-contour cavities -0.4− 0.4 − − −
Two couple of bulging-contour cavities -0.25− 0 0− 0.25 − −
Three couple of bulging-contour cavities -0.2− 0.1 -0.1− 0.2 0− 0.3 −
α = 5◦
One couple of bulging-contour cavities -0.4− 0.4 − − −
Two couple of bulging-contour cavities 0− 0.20 0− 0.20 − −
Three couple of bulging-contour cavities -0.2− 0.1 -0.1− 0.2 0− 0.3 −
Four couple of bulging-contour cavities -0.24− 0 -0.24− 0.1 -0.1− 0.3 0− 0.4
Table 3.1: Variation Range of the width of the bulges
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3.3.2 Single and multiple bulging-contour cavities in the
diffuser with α = 2◦
The introductions of a couple of bulging-contour cavities and of two couples
of bulging-contour cavities in the diffuser with α = 2◦ lead to increases of the
pressure recovery coefficient Cp of +25.4% (Cp = 0.445) and +25.6% (Cp =
0.446), respectively. From the visualizations of the streamlines in the diffuser
with one and two optimized cavities, sketched in Fig. 3.10, it is evident that
there are localized separations inside the cavities (in which the velocity was
found to be very low) and where the bulges produces an enlargement of the
diffuser cross section. The behaviours of Cpx in the diffusers with one or
two bulging contour cavities are compared with those of the diffuser with
tangential-contour cavities and of the reference diffuser in Fig. 3.9, together
with a sketch of the localized separations inside the cavities. The reduction
of the total dissipation Φt inside the diffuser also confirms the optimization
results: reductions of the dissipation of −19.5% and −20.0% are indeed found
for two the optimized configurations, respectively.
As for the optimum parameters, both the single and the double cavities
end with bulges outside the original diffuser profile (negative value of r/h).
This produces a local enlargement of the diffuser cross-section where the
bulges are placed and, thus, an increase in pressure recovery. The optimum
parameters for the diffuser configuration with one bulging-contour cavities
are b/h = 0.12− 0.14, t/h = 9.0− 11.0 and r/h =-0.34−-0.3. In the config-
uration with two subsequent optimized cavities, the optimum values of the
semi-ellipse axes normal to the diffuser diverging walls are b1/h = 0.13−0.14,
b2/h = 0.1 − 0.16. Great importance have, as already said, the couples of
parameters t1/h, r1/h and t2/h, r2/h, which determine the position and the
width of the two bulges (t1/h = 4.5−5.0, r1/h =-0.24−-0.27, t2/h = 15.5−16,
and r2/h =-0.21−-0.24).
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Figure 3.9: Mean pressure coefficient and separated region extent (diffuser
with α = 2 deg)
(a) Diffuser with one bulging-contour cavity (b) Diffuser with two bulging-contour cavi-
ties
Figure 3.10: Streamlines in the diffuser with optimized cavities (diffuser with
α = 2◦)
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3.3.3 Single and multiple bulging-contour cavities in the
diffuser with α = 3.5◦
The introductions of one, two and three couples of bulging-contour cavities in
the diffuser with α = 3.5◦ lead to increases of the pressure recovery coefficient
Cp of +13.2% (Cp = 0.445), +14.0% (Cp = 0.448) and +14.0% (Cp = 0.448),
respectively. Thus, further improvements can be obtained by increasing the
number of cavities but a limit value is found (two cavities for α = 3.5◦).
From the visualizations of the streamlines in the diffuser with one and
more optimized cavities, sketched in Fig. 3.11, it is evident that there are
localized separations inside the cavities (in which the velocity was found to
be very low) and that the flow inside the diffuser is symmetric, i.e the main
asymmetric separation of the reference diffuser configuration is replaced by
two smaller separations. The reduction of the separated region extents are
responsible of the further increase of the pressure recovery, as can be seen
from the comparison among the Cpx and the separated region extents (see
Fig. 3.13. The reductions of the dissipation Φt inside the diffuser of the
order of −10.8%, −11.7% and −11.7% confirmed the increase of the diffuser
performance for the three optimized configurations.
As for the optimum parameters, the single bulging contour cavity is very
similar to the tangential one. Indeed, the bulge length is very small (r/h =
0.01 − 0.03), while the other two two parameters are consistent with the
results in [21] (b/h = 0.12−0.14 and t/h = 14.0−15.2). However, this small
value of the bulge is enough to produce two reduced symmetric separations.
The two subsequent cavities have the same width and are almost equally
spaced along the diffuser diverging walls (b1/h = 0.03− 0.05, b2/h = 0.03−
0.04, t1/h = 4.2 − 5.5, t2/h = 7.0 − 8.8). The first bulge is outside the
original diffuser profile, in order to locally increase the diffuser cross section,
which the second is inside the profile to promote the flow reattachment after
the cavity (r1/h =-0.14−-0.12 and r2/h = 0.05− 0.09). The introduction of
a third cavity does not further increase the pressure recovery compared to
the diffuser with two optimized cavities. The first cavity is almost the same
as in the diffuser with two cavities (b1/h = 0.09 − 0.10, t1/h = 5.4 − 6.0,
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r1/h =-0.15−-0.13), while the second and the third cavity are smaller and
close each other (b2/h = 0.07 − 0.08, b3/h = 0.09 − 0.11, t2/h = 2.4 − 3.0,
t3/h = 1.5− 2.0, r2/h =-0.02−-0.01, and r3/h =-0.03−-0.02).
(a) One tangential-contour cavity (b) One bulging-contour cavity
(c) Two bulging-contour cavities (d) Three bulging-contour cavities
Figure 3.11: Streamlines in the diffuser with optimized cavity (α = 3.5◦)
(a) One tangential-contour cavity (b) One bulging-contour cavity
(c) Two bulging-contour cavities (d) Three bulging-contour cavities
Figure 3.12: Streamlines in the optimized cavities
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Figure 3.13: Separated region extent and mean pressure coefficient (diffuser
with α = 3.5 deg)
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3.3.4 Single and multiple bulging-contour cavities in the
diffuser with α = 5◦
The introductions of one, two, three and four couples of bulging-contour
cavities in the diffuser with α = 5◦ lead to increases of the pressure recovery
coefficient Cp of +12.6% (Cp = 0.420) (see [19]), +15.8% (Cp = 0.432) (see
[19]), +17.7% (Cp = 0.439), and +17.7% (Cp = 0.439), respectively. As in
Sec. 3.3.3, further improvements can be obtained by increasing the number of
cavities by a limit value is found (three cavities for α = 5◦). The introduction
of the optimized cavities leads to strong reductions in the separation extents
and to significant increases in the pressure recovery. The evaluation of the
total dissipation Φt inside the diffuser also confirms the optimization results
(−8.1%, −10.0%, −11.8% and −12.0%, respectively).
The streamlines inside the optimized diffuser configurations, sketched in
Figs. 3.14, highlight the formation of multiple localized recirculation regions
characterized by low values of velocity along the diffuser divergent part and
of two main asymmetric separations that start progressively downstream
and are progressively reduced by increasing the number of cavities. The
comparison between the separated regions and the corresponding behaviour
of Cpx are shown in Fig. 3.16. As can be seen, compared to the reference
configuration, for the diffusers with the optimized cavities there is a larger
increase in pressure at the beginning of the diffuser diverging part due to
the local geometry modifications. More downstream, the pressure losses are
lower than in the reference configuration due to a reduction of the separated
region extent, as shown in Figs. 3.16(b)−3.16(e).
As for the shape of the single bulging-contour cavity, the introduction of
the bulge promotes the reattachment of the flow after the recirculation inside
the cavity, allowing the use of a wider and longer cavity. The optimum
bulging-contour cavities have b/h = 0.10 − 0.12, t/h = 8.4 − 8.8 and r/h =
0.115 − 0.125. In the configuration with two subsequent optimized cavities,
the optimum values of the semi-ellipse axes normal to the diffuser diverging
walls, b1/h and b2/h, are slightly smaller compared to the optimum value for
the single bulging-contour cavity (b1/h = 0.08 − 0.10, b2/h = 0.08 − 0.10).
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(a) One bulging-contour cavity (b) Two bulging-contour cavities
(c) Three bulging-contour cavities (d) Four bulging-contour cavities
Figure 3.14: Streamlines in the diffuser with optimized cavity (diffuser with
α = 5◦)
(a) One bulging-contour cavity (b) Two bulging-contour cavities
(c) Three bulging-contour cavities (d) Four bulging-contour cavities
Figure 3.15: Streamlines in the optimized cavities
The two cavities are almost equally spaced (t1/h = 4.6 − 5.0 and t2/h =
4.8 − 5.6). The width of the second bulge is larger than that of the first
one (r1/h = 0.02− 0.04 and r2/h = 0.18− 0.20). The optimum parameters
for the three and four subsequent cavities are summarized in Table 3.2. In
both the considered configurations the optimum values of the cavity width
are equal or slightly smaller compared to the one of the two subsequent
cavities. The bulges of the upstream cavities are outside the original diffuser
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profile, in order to locally increase the diffuser cross section, while ones in the
downstream cavities are inside the profile to promote the flow reattachment
after the cavity.
Case b/h t/h r/h
Three couple of bulging-contour cavities
b1/h = 0.05− 0.06 t1/h = 3.0− 4.7 r1/h = 0.02− 0.03
b2/h = 0.04− 0.12 t2/h = 2.7− 3.9 r2/h =-0.10−-0.12
b3/h = 0.12− 0.16 t3/h = 3.0− 3.3 r3/h =-0.22−-0.25
Four couple of bulging-contour cavities
b1/h = 0.05− 0.06 t1/h = 1.8− 2.0 r1/h = 0.06− 0.08
b2/h = 0.04− 0.06 t2/h = 2.0− 2.2 r2/h = 0.02− 0.04
b3/h = 0.04− 0.10 t3/h = 2.4− 2.6 r3/h =-0.04−-0.08
b4/h = 0.04− 0.12 t4/h = 4.0− 4.2 r4/h =-0.24−-0.22
Table 3.2: Variation range of the parameters of the diffuser configuration
with α = 5◦
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Figure 3.16: Separated region extent and mean pressure coefficient (diffuser
with α = 5◦)
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3.4 Discussion
In this Section the values of the optimum parameters for the diffuser with
a single tangential-contour cavity are compared with the one for the single
bulging-contour cavities for the different diffuser divergence angle. Moreover,
a robustness analysis of the flow control device is carried out for both the
considered geometries of the single cavity, i.e. with and without the bulge,
then for the different values of α. A further investigation on the physical
mechanisms leading to the enhanced diffuser performance in the diffuser with
bulging-contour cavities is carried out and compared with the one already
presented in [21]. Finally, the effect of multiple contoured cavities is discussed.
The optimized values of b/h, t/h and t/l2 for the single tangential-contour
cavity and single bulging-contour cavities are compared for the different dif-
fuser divergence angles in Fig. 3.17(a), Fig. 3.17(b) and 3.17(c), respectively.
The optimized values of r/h for the single bulging-contour cavities are shown
in Fig. 3.17(d). As for the single tangential-contour cavity, the optimum val-
ues of b/h and t/h linearly decrease by increasing the divergence angle α.
Moreover, the value of t/l2 is equal to 1 for the diffuser with α = 2◦, while
progressively decreases by increasing α, i.e. the cavity is progressively shorter
compared with the length of the diffuser diverging wall. The introduction
of a bulge inside the original diffuser profile for α = 3.5◦ and α = 5◦ allows
to use longer cavities and wider cavities. The effect of the bulge is more
evident for α = 5◦ because the value of the bulge width is larger. On the
other hand, the introduction of a bulge outside the original diffuser profile
for α = 2◦ has the opposite effect on b/h and t/h. Indeed, in this optimized
configuration both the cavity and the bulge causes a local enlargement of the
diffuser cross-section, and thus shorter and smaller cavities should be used.
Finally, the optimized values of r/h for the single bulging-contour cavities
linearly increase by increasing the divergence angle α.
As for the robustness of the cavities with and without the bulge, the
effects of some cavity modifications are investigated and compared with the
results in [21], in order to ascertain whether these flow control devices are
robust with respect to small variations of the geometry parameters from
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Figure 3.17: Optimized values of the parameters for the different divergence
angles α
the optimum ones. First of all, we focus on the robustness of the bulging-
contour cavities in the diffuser with α = 3.5◦, investigating on the effect of
the variation of semi-ellipse axis normal to the diffuser diverging walls b/h,
which has been identified in [21] as one of the most important parameter
in the tangential-contour cavities because it determines the width of the
recirculation region produced by the cavity. In Fig. 3.18 the results for the
tangential-contour cavity ([21]) and the bulging-contour cavity are compared.
The robustness of the bulging-contour cavity is analysed by varying b/h in
the range 0.04−0.24; as for the other parameters, s/h and t/h are kept fixed
to their optimum values, i.e. t/h = 14.0− 15.2 and r/h = 0.01− 0.03.
Significant improvement of the robustness of the flow control are obtained
by allowing the presence of the bulge inside the original diffuser, which, even
if its length is small, promotes the reattachment of the flow after the cavity
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also for values of b/h above the optimum. Seen the importance of the bulge,
the robustness of the bulging-contour cavities to the position and the width of
the bulge is investigated by identifying the simultaneous effect of the variation
of t/h and r/h. The parameter t/h is varied in the range 8.2 − 15.8, while
r/h is varied in the range 0 − 0.1. The parameter space is discretized by
using an uniform interval of size equal to 1.0 for t/h and 0.02 for r/h, i.e.
7 × 6 discrete parameter values, corresponding to 42 positions of the bulge,
are analysed. The parameter b/h is kept fixed to its optimum value. The
response surface for the diffuser efficiency to the parameters t/h and r/h is
shown in Fig. 3.19. A multivariate polynomial interpolation based on the
Singular Value Decomposition algorithm, with a second order polynomial,
was used to build this response surface (see e.g. [22]). Fig. 3.19 confirms
that for longer cavities wider bulges are required to achieve the reattachment
of the flow downstream of the separated region inside the cavity and to
maximize the diffuser efficiency. Conversely, for shorter cavities small bulges
are needed. Moreover, the device is robust for small variation of the bulge
width compared to the optimized one.
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Figure 3.18: Robustness to variation of the parameter b/h (α = 3.5◦)
Then, we focus on the robustness of the tangential-contour cavities in the
diffuser with α = 5◦, investigating the simultaneous effect of the variation
of b/h and t/h. The response surface for the diffuser efficiency to these
parameters is shown in Fig. 3.20. The same procedure described for Fig.
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Figure 3.19: Effect of the variation of the parameters t/h and r/h on the
diffuser efficiency (α = 3.5◦)
3.19 is used to build all the response surface. Fig. 3.20 shows that for larger
values of b/h shorter cavities are required to achieve the reattachment of the
flow downstream of the cavity. Conversely, for lower values of b/h longer
cavities are needed.
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Figure 3.20: Effect of the variation of the parameters t/h and b/h on the
diffuser efficiency (α = 5◦)
The robustness to variation of b/h for the tangential-contour cavity is
compared with the one for the bulging-contour cavity for the diffuser with
α = 5◦ (see Fig. 3.21). As for α = 3.5◦ a significant improvement of the
robustness of the flow control are obtained by allowing the presence of the
bulge inside the original diffuser, which improve the reattachment of the flow
after the cavity also for values of b/h above the optimum. The robustness
of the bulging-contour cavities to the position and the width of the bulge is
investigated by identifying the simultaneous effect of the variation of t/ and
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r/h on the diffuser efficiency (see Fig. 3.22). The response surface confirms
that for longer cavities wider bulges are required to maximize the diffuser
efficiency, while for shorter cavities small bulges are needed. As already
found for α = 3.5◦, also for α = 5◦ the device is robust for small variation of
the bulge shape compared to the optimized one.
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Figure 3.21: Robustness to variation of the parameter b/h (α = 5◦)
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Figure 3.22: Effect of the variation of the parameters r/h and t/h on the
diffuser efficiency (α = 5◦)
The simultaneous effect of the variation of b/h and t/h on the performance
of tangential-contour cavities in the diffuser with α = 2◦ is shown in Fig. 3.23.
The response surface shows that all the optimum cavities have the maximum
value of t/h allowed by the geometrical constraints, i.e. the cavities finish at
the end of the diffuser divergent part. The device is also robust to variation
of b/h.
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Figure 3.23: Effect of the variation of the parameters t/h and b/h on the
diffuser efficiency (α = 2◦)
The comparison between the robustness to variation of b/h for the tangential-
contour cavity and bulging-contour cavity for the diffuser with α = 2◦ is
shown in Fig. 3.24. The presence of the bulge outside the original diffuser
produces both an improvement of the diffuser performance and a reduction
of the robustness of the flow control device, which however can be still sat-
isfactory. The robustness of the bulging-contour cavities to the width of the
cavity and to the bulge length is investigated by identifying the simultane-
ous effect of the variation of b/ and r/h on the diffuser efficiency (see Fig.
3.25). The response surface shows that for wider bulges smaller cavities are
required to allow to flow reattachment after the cavity and maximize the
diffuser efficiency, while for smaller bulges wider cavities are needed.
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Figure 3.24: Robustness to variation of the parameter b/h (α = 2◦)
As for the multiple cavities, the values of the bulge position and length
for the single and the multiple bulging-contour cavities are reported together
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Figure 3.25: Effect of the variation of the parameters b/h and r/h on the
diffuser efficiency (α = 2◦)
in Fig. 3.26 and in Fig. 3.27 for α = 3.5◦ and α = 5◦, respectively. The opti-
mum values of r/h linearly increase by increasing t/h for both the considered
divergence angle. The values of r/h are outside the original diffuser profile
for lower values of t/h, while inside the original diffuser for higher values of
t/h.
4 6 8 10 12 14 16
−0.2
−0.15
−0.1
−0.05
0
0.05
0.1
t/h
r/h   
 
 
one tangential−contour cavity [21]
one bulging−contour cavity
two bulging−contour cavity
three bulging−contour cavity
Figure 3.26: Values of the parameter r/h for multiple contoured-cavities
(α = 3.5◦)
Finally a further investigation on the physical mechanisms leading to
the enhanced diffuser performance in the diffuser with single and multiple
bulging-contour cavities is carried out. Also for bulging-contour cavities the
improvement of Cp seems to be due both to a virtual shaping and to a
further reduction of the dissipation in the cavity region. As done in [21]
and in Sec. 3.2 for tangential-contour cavities, the streamlines bounding the
recirculation regions inside the cavities are replaced with a solid surface in
order to evaluate the effect only of the virtual shaping. The modified diffusers
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Figure 3.27: Values of the parameter r/h for multiple contoured-cavities
(α = 5◦)
without cavities produce the increases in Cp that are summarized in Table
3.3. In the diffuser with α = 3.5◦ the value of the bulge width is very small
and, thus, no significant difference in performance is found. On the other
hand, in the diffusers with α = 2◦ and α = 5◦ the enhanced performance is
mainly due to the virtual shaping, i.e. the bulge outside or inside the original
diffuser profile. The contribution of the cavities is almost the same increasing
the number of the cavities, while a significant increase of the contribution of
the virtual shaping is found.
α Case Total Virtual Shaping Cavities
α = 2◦
One couple of tangential-contour cavities +19.7% +14.9% +4.8%
One couple of bulging-contour cavities +25.4% +22.3% +3.1%
Two couple of bulging-contour cavities +25.6% +23.0% +2.6%
α = 3.5◦
One couple of tangential-contour cavities +13.0% +9.1% +3.9%
One couple of bulging-contour cavities +13.2% +9.2% +4.0%
Two couple of bulging-contour cavities +14.0% +10.9% +3.1%
Three couple of bulging-contour cavities +14.0% +10.9% +3.1%
α = 5◦
One couple of tangential-contour cavities +8.0% +3.5% +4.5%
One couple of bulging-contour cavities +12.6% +8.0% +4.6%
Two couple of bulging-contour cavities +15.8% +11.5% +4.3%
Three couple of bulging-contour cavities +17.7% +13.4% +4.3%
Four couple of bulging-contour cavities +17.7% +13.4% +4.3%
Table 3.3: Percent increase in Cp for the various modified diffusers configu-
rations without cavities
Chapter 4
Diffuser optimized with
Bézier curves
4.1 Notes on the Bézier curves
The automated procedure used for optimization is the same as in Section
3.1. The parameters to optimize are the degrees of freedom corresponding
to the coordinates of the free control points which form the Bézier curve.
The study of this curves was however first developed in 1959 by mathemati-
cian Paul de Casteljau using de Casteljau’s algorithm, a numerically stable
method to evaluate Bézier curves. As the curve is completely contained in
the convex hull of its control points, the points can be graphically displayed
and used to manipulate the curve intuitively. Quadratic (one free control
point) and cubic (two free control points) Bézier curves are most common.
Higher degree curves are more computationally expensive to evaluate. In this
Section the three diffuser configurations is optimized with four, six and (for
the diffuser configuration with α = 5◦) eight control points. The formula can
be expressed explicitly as follows:
B(t) =
n∑
i=1
(
n
i
)
(1− t)n−1tiPi, t ∈ [0, 1] (4.1)
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where
(
n
i
)
are the binomial coefficients, n the number of degree of freedom
and Pi the control points.
For example, four points A, B, C and A′ in the plane or in higher-
dimensional space define a cubic Bézier curve. The curve starts at A going
toward B and arrives at A′ coming from the direction of C. Usually, it will
not pass through B or C; these points are only there to provide directional
information. The distance between A and B determines "how long" the curve
moves into direction C before turning towards A′ (see Fig. 4.1)
(a) (b)
(c) (d)
Figure 4.1: Parameters that characterize the Bézier curve to be optimized (4
control points)
Thus, explicit form of the cubic curve Bézier curve is:
B(t) = (1− t)3P0 + 3(1− t)2tP1 + 3(1− t)t2P2 + t3P3, T ∈ [0, 1] (4.2)
For some choices of B and C the curve may intersect itself, or contain a cusp.
For Bézier curves with four and six control points, it’s possible to simulate
the presence of at most one cavity (with six points can model more accurately
the curve, see Fig. 4.2(a)). With eight points it’s possible to simulate the
presence of two cavities, see Fig. 4.2(b).
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(a) 6 points (b) 8 points
Figure 4.2: Parameters that characterize the Bézier curve to be optimized
Proprieties:
• The curve begins at P0 and ends at PN ; this is the so-called endpoint
interpolation property.
• The curve is a straight line if and only if all the control points are
collinear.
• The start (end) of the curve is tangent to the first (last) section of the
Bézier polygon.
• A curve can be split at any point into two subcurves, or into arbitrarily
many subcurves, each of which is also a Bézier curve.
• Every quadratic Bézier curve is also a cubic Bézier curve, and more
generally, every degree n Bézier curve is also a degree m curve for any
m > n. In detail, a degree n curve with control points P0,..., Pn
is equivalent (including the parametrization) to the degree n+ 1 curve
with control points P’0,..., P’N+1, where P’k = kn+1Pk−1 +(1− kn+1)Pk.
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4.2 Optimization of divergent walls
In all configurations of the diffuser, the points of start and end of the diverging
walls have been kept fixed, in particular, for example in the upper wall of
the diffuser with:
• ∀α, P0 = [3, 1], Pn = [3 + l2, 2]
where the parameter l2 is the length of the diffuser diverging part. The other
points have as a constraint to be with X coordinate increasing and to be
contained in the rectangle whose vertices are:
• ∀α, K1 = [3,−1], K2 = [l1 + l2,−1], K3 = [l1 + l2, 3], K4 = [3, 3]
In the Fig. 4.3 was reported as an example the diffuser configuration with
α = 5◦.
Figure 4.3: Area which contains the points of Bézier
4.3 Results and discussion
In this Section the results will be discussed, i.e. optimum configurations
for the diffuser with different values α optimized with different number of
degree of freedom. Table 4.1 summarizes the results obtained, in particular
the percent increase of pressure recovery coefficient Cp and reduction of the
dissipation Φt, while the optimum value of the control point of Bézier curves
are in Table 4.2 for all considered diffuser configurations.
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α Case Cp Cp var Φt Φ var
α = 2◦
Reference 0.355 0.311
4 DOF 0.443 +24.9% 0.250 −19.5%
8 DOF 0.444 +25.0% 0.250 −19.5%
α = 3.5◦
Reference 0.393 0.257
4 DOF 0.447 +13.7% 0.227 −11.5%
8 DOF 0.448 +14.0% 0.226 −11.8%
α = 5◦
Reference 0.373 0.252
4 DOF 0.434 +16.4% 0.224 −10.9%
8 DOF 0.436 +17.4% 0.222 −11.5%
12 DOF 0.442 +18.5% 0.220 −12.3%
Table 4.1: Percent increase in Cp for the various diffusers configurations
optimized with Bézier curve
In the following pages there are both the figures of the streamlines for all
optimum diffuser configurations and a comparison between the evolution of
the pressure recovery coefficient in the direction of the diffuser axis and the
separation zones, if present. In all the diffuser configurations optimized with
4 and 8 degrees of freedom (corresponding to 4 and 6 control points of Bézier
curve) the geometry is very similar to that obtained in the diffuser configu-
rations optimized with the bulging-contour cavities. In these optimizations
the Bézier curve creates a corner point at the beginning of the diverging
walls and immediately enlarging the duct, as found previously, with the first
cavity placed at the beginning of the divergent side of the diffuser. Then the
Bézier curve creates a bulge, internal or external, depending on the angle of
divergence of the diffuser reference, just like in the optimizations with the
bulging-contour cavities.
In particular, in the configuration of the diffuser with α = 2◦, that does
not present flow separation, an enlargement of the duct is created in both
cases (4 and 6 control points) as to induce recirculation zones at the beginning
of the divergent wall and, for the case with 6 control points, at the end of
diverging sides (see Fig. 4.4(b)).
Indeed, in the case with α = 3.5◦ and α = 5◦, as in the configuration
optimized with the cavities, the main separation zones are reduced when in-
creasing the degrees of freedom of the optimization. The optimum geometry
tends again to form zones of recirculation on the diverging sides of the dif-
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fuser (see Figs. 4.6 and 4.8), in other words a very similar shape to the one
created with the bulging-contour cavities, introducing localized separations.
Focus on the results of the optimization with 12 degree of freedom and
α = 5◦, that give the highest value in terms of Cp for the angle of divergence
α = 5◦, the shape of the divergent side is such as to have two zones of
recirculation long and thin along the divergent side of the diffuser, as shown
in Fig. 4.9, compared to Fig. 3.15(b).
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(a) Diffuser bez 2pti (b) Diffuser bez 4pti
Figure 4.4: Streamlines in the diffuser with bezier (α = 2◦)
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(a) Mean pressure coefficient at different X
sections
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Figure 4.5: Mean pressure coefficient and separated region extent (Bézier
Curve in diffuser with α = 2◦)
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(a) Diffuser bez 2pti (b) Diffuser bez 4pti
Figure 4.6: Streamlines in the diffuser with Bézier (α = 3.5◦)
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(a) Mean pressure coefficient at different X
sections
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Figure 4.7: Mean pressure coefficient and separated region extent (Bézier
Curve in diffuser with α = 3.5◦)
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(a) Diffuser bez 2pti
(b) Diffuser bez 4pti
(c) Diffuser bez 6pti
Figure 4.8: Streamlines in the diffuser with bezier (α = 5◦)
Figure 4.9: Streamlines in the optimized cavities, α = 5◦ and 12 FoD
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Figure 4.10: Separated region extent (Bézier Curve in diffuser with α = 5◦)
Chapter 5
Conclusions
The objective of the present work is twofold: (i) to asses whether the presence
of one or more localized separations along the diverging walls of a diffuser
could lead to an improvement of its performance; (ii) to analyse the capabili-
ties of classical shape optimization in diffusers. Symmetric plane diffusers in
laminar regime have been considered. The Reynolds number, based on the
diffuser half-width at the inlet section and the inlet velocity on the axis, is
Re = 500, as in [21].
To the first aim, the strategy for passive flow control based on the in-
troduction of a couple of optimized-shape cavities in the diffuser solid walls,
successfully proposed in [21] for a diffuser with AR = 2 and α = 3.5◦, was
further investigated. First, the introduction and the shape-optimization of a
couple of tangential-contour cavity in diffusers with the same area ratio as
in [21] but diverging angles equal to α = 2◦ and α = 5◦ has been found to
lead to improvement in the diffuser efficiency of 19.7% and 8% for the two
considered configurations, respectively. Then, further improvement of the
device performance are obtained through modifications of the cavity shape
to be optimized. In particular, the new proposed cavity shape is allowed to
end with a bulge inside or outside the original diffuser profile. The use of
optimized bulging-contour cavities leads to an increase of the pressure re-
covery of 25.4%, 13.2%, 12.6%, for the diffuser configuration with α = 2◦,
α = 3.5◦ and α = 5◦. Finally, the effect of the use of multiple couples of
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contoured cavities as flow control device is investigated. The use of optimized
multiple bulging-contour cavities leads to an increase of the pressure recov-
ery of 25.6%, 14%, 17.7%, for the three considered diffuser configurations,
respectively.
Summarizing, the introduction of the optimal cavities leads to increase
in pressure recovery for all the considered diffuser geometry, even in the
configuration that, without the introduction of the flow control, does not
present flow separation. This result is due to a favourable modification of
the velocity and vorticity fields in the near-wall region. In particular, the
success of the control is due both to a virtual geometry modification of the
diffuser and to a favourable effect of the cavities in reducing the momentum
losses near the wall. The presence of the bulge increase the contribution of the
virtual shaping in the improvement of the flow control device performance.
The presence of the bulge inside the original diffuser profile increase also the
robustness of the flow control device compared to the geometry proposed in
[21], because the bulge promotes the flow reattachment after the cavity. On
the other hand, a bulge outside the original profile improves the performance
of the device but reduces its robustness.
In the second part of the work, the capabilities of classical shape optimiza-
tion are also investigated. The shape of the diverging walls is optimized by
using Bézier curves with different degrees of freedom to maximize the pres-
sure recovery, as previously for the cavities. If the optimization is carried out
with an adequate number of degrees of freedom, the optimal configuration is
characterized by one or more localized recirculation regions along the diffuser
optimized diverging walls, i.e. by a flow configuration very similar to that
in the diffuser with the optimized cavities. The efficiency gains obtained by
shape optimization are also similar to those given by the cavities (25%, 14%,
18.5%, for the diffuser configuration with α = 2◦, α = 3.5◦ and α = 5◦).
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